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7 ABSTRACT: A new method for the numerical simulation of the radiation chemistry of aqueous polymer solutions is
8 introduced. The method makes use of a deterministic approach combining the conventional homogeneous radiation chemistry
9 of water with the chemistry of polymer radicals and other macromolecular species. The method is applied on single-pulse
10 irradiations of aqueous polymer solutions. The speciation of macromolecular species accounts for the variations in the number
11 of alkyl radicals per chain, molecular weight, and number of internal loops (as a consequence of an intramolecular radical−
12 radical combination). In the simulations, the initial polymer molecular weight, polymer concentration, and dose per pulse
13 (function of pulse length and dose rate during the pulse) were systematically varied. In total, 54 different conditions were
14 simulated. The results are well in line with the available experimental data for similar systems. At a low polymer concentration
15 and a high dose per pulse, the kinetics of radical decay is quite complex for the competition between intra- and intermolecular
16 radical−radical reactions, whereas at a low dose per pulse the kinetics is purely second-order. The simulations demonstrate the
17 limitations of the polymer in scavenging all the radicals generated by water radiolysis when irradiated at a low polymer
18 concentration and a high dose per pulse. They also show that the radical decay of lower-molecular-weight chains is faster and to
19 a larger extent dominated by intermolecular radical−radical reactions, thus explaining the mechanism behind the experimentally
20 observed narrowing of molecular weight distributions.
21 ■ INTRODUCTION
22 Radical−radical reactions between macromolecular species
23 constitute the major route for termination in free radical
24 polymerization. The kinetics of these reactions is therefore a
25 key to the understanding of radical polymerization and the
26 optimization of polymeric products, in terms of their chemical
27 composition, molecular weight, and topology. In addition,
28 radical−radical combination is an important reaction in
29 polymer cross-linking as well as in the synthesis of hydrogels
30 and nanogels. Nanogels, in particular, have recently raised
31 considerable interest in the biomedical field, because of their
32 diverse applications in tissue engineering, regenerative
33 medicine, and drug delivery.1,2 Furthermore, free radical
34 formation has been observed in proteins because of oxidative
35 stress, UV, or ionizing irradiation exposure. Their formation,
36 via direct and indirect mechanisms, and follow-up reactions,
37 including dimerization, polymerization, cross-linking, polypep-
38 tide chain scission, and disruption of labile amino acid residues,
39are implicated in the pathogenesis of several pathologies,
40including cancer, aging, and atherosclerosis.3−5
41Direct measurements of the kinetics of radical−radical
42reactions in solution are usually performed using pulse
43radiolysis or laser flash photolysis. Both methods are based
44on time-resolved detection of the radical species after initiation
45using either an electron pulse or a laser pulse. In the former
46case, the radical initiation is achieved through reactions
47between primary radiolysis products of the solvent and solutes,
48whereas in the latter case direct photolysis of a solute precursor
49is used. For water-soluble polymers (and other macro-
50molecules), pulse radiolysis can be particularly useful as the
51radiation chemistry of water is very well known and numerous
52experimental studies can be found in the literature.3,6−21 Upon
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53 exposure to γ-photons or accelerated electrons, water is
54 decomposed into •OH (0.28 μmol J−1), H• (0.062 μmol
55 J−1), eaq
− (0.28 μmol·J−1), H2 (0.047 μmol·J
−1), H2O2 (0.073
56 μmol·J−1), and H3O
+ (0.28 μmol·J−1). Numbers in parentheses
57 indicate the radiation chemical yield or G-value of each
58 radiolysis product.22 Radical sites on the polymer are formed
59 upon hydrogen abstraction by •OH and H•. By saturating the
60 aqueous solution with N2O, the strongly reducing hydrated
61 electron can be converted into a hydroxyl radical. This
62 increases the yield of the formed polymer radicals.22 Under
63 certain conditions, pulse radiolysis of aqueous polymer
64 solutions can lead to the formation of multiple radical sites
65 on the same chain. The conditions that favor the formation of
66 multiple radical sites on the same chain are high doses per
67 pulse (high initial radical concentration) and low polymer
68 concentrations. In such a case, both intra- and intermolecular
69 radical−radical reactions become possible and the subsequent
70 kinetic analysis is more complex as simple second-order
71 kinetics can no longer be applied. The kinetics is initially
72 dominated by intramolecular radical−radical reactions but
73 eventually, as the number of radical sites per chain decrease,
74 intermolecular radical−radical reactions will also occur. This
75 can appear as if an overall rate constant for the process
76 consuming the radicals in the system is changing with time and
77 therefore dispersive kinetics is often used to analyze these
78 systems.23
79 The conditions favoring intramolecular radical−radical
80 reactions have been employed in the radiation synthesis of
81 nanogels from polymer aqueous solutions.24−28 Interestingly,
82 the conditions that favor intramolecular radical−radical
83 reactions coincide with the conditions when scavenging of
84 the primary radicals formed in the radiolysis of water is no
85 longer quantitative. Under these conditions, a fraction of the
86 hydroxyl radicals can recombine and produce hydrogen
87 peroxide. This can have a significant influence on the further
88 reactions in the system. In systems exposed to continuous
89 irradiation or a sequence of pulses, the formation of H2O2 will
90 eventually lead to the production of O2.
29
91 It is therefore desirable to be able to perform numerical
92 simulations on the system both in order to confirm
93 mechanistic and kinetic data and to be used as a predictive
94 tool for process optimization. The obvious first step in the
95 development of such a modeling tool is simulation of single-
96 pulse irradiations or a typical pulse radiolysis experiment.
97 Numerical simulations of homogeneous radiation chemistry
98 have been performed with high accuracy for decades. However,
99 simulations taking into account also the chemistry of
100 macromolecules in irradiated aqueous systems are considerably
101 scarcer in the literature.
102 In this work we present a new approach for modeling the
103 radiation chemistry of aqueous solutions containing polymers.
104 The method is used to simulate the systems exposed to a single
105 pulse of electrons. In the simulations we explore the effects of
106 dose per pulse, concentration of polymer, and polymer
107 molecular weight on the kinetics of polymer radical decay.
108 The results are discussed in view of previous experimental
109 observations.
110 ■ MODEL DESCRIPTION
111 The numerical simulations are based on a deterministic
112 approach encompassing the conventional homogeneous
113 radiation chemistry of water as well as chemical reactions
114 involving polymer chains and polymer radicals. To connect the
115radiation chemistry of water to the chemistry of the polymer
116species in single-pulse irradiations, the following reactions are
117included (in addition to the standard set of reactions for water
118radiolysis):
119• Reactions between primary radiolysis products (•OH
120and H•) and macromolecular species.
121• Inter- and intramolecular radical−radical reactions of
122alkyl radicals.
123The multitude of possible reactions in the macromolecular
124system is handled by allowing a fairly large number of
125macromolecular species.
126Speciation. In general, an irradiated aqueous polymer
127solution soon becomes a very complex reaction system. Even if
128we start with a monodisperse polymer, we soon end up with a
129number of different first-generation products, which in turn
130will lead to an even larger number of second-generation
131products and so on. To be able to handle such a reaction
132system we must use quite a large number of chemical species.
133In a general model for continuous irradiation or irradiation
134using sequences of pulses, speciation of macromolecular
135species can be done by taking into account the size of the
136macromolecule (i.e., number of segments) (n), the number of
137alkyl radicals per chain (a), the number of oxyl radicals per
138chain (o), and the number of internal loops (l) (stemming
139from intramolecular radical−radical combination). However,
140when simulating single-pulse irradiation at fairly low doses and
141for solutions that are initially free from molecular oxygen, we
142can limit the speciation to account for only the size (n), the
143number of alkyl radicals per chain (a), and the number of
144internal loops (l). The original size of the macromolecular
145species in our model has by default an initial value of 100. It is
146worth pointing out that the “size” is directly connected to
147polymer molecular weight and not to the radius of gyration or
148the hydrodynamic radius of the chain. To keep the number of
149possible macromolecular species at a level that can be handled
150with reasonable computational time, only a limited number of
151states are allowed within each category. Every unique
152combination of allowed states of the different categories used
153defines one species. The reactions of relevance are depicted
154below.
xP OH P hydrogen abstractionx+ →• • 155(1a)
xP H P hydrogen abstractionx+ →• • 156(1b)
P P intramolecular crosslinkingx x( 2)→• − • 157(2)
P P ( ) intramolecular disproportionationx x( 2)→ =• − •
158(3)
P P P P
intermolecular crosslinking
x y x y( 2)→ → −• • + −
159(4)
P P P ( ) P
intermolecular disproportionation
x y x y( 1) ( 1)+ → = +• • − • + •
160(5)
161 t1The speciation is defined in Table 1. The starting point is a,
162which is the original polymer chain. Upon reaction with •OH
163or H•, an alkyl radical, b, is formed. The alkyl radical can react
164in several different ways. In this particular example, we have the
165reaction with another •OH or H• to produce a chain with two
166alkyl radical sites, c; the reaction with another radical of the
167same type to produce the dimer, e; and the intramolecular
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168 combination of the two alkyl radical sites on c to produce an
169 internal loop, d.
170 The combination between two alkyl radicals always
171 competes with disproportionation to produce an alkane and
172 an alkene, leaving the size of the molecules unchanged. It
173 should be noted that the speciation system used here does not
174 include double bonds. This means that disproportionation is
175 included in the model for its effects on polymer “size” but not
176 for its effects on polymer chemical composition.
177 As many of the radical-bearing chains can undergo a
178 multitude of intra- and intermolecular radical−radical reactions
179 the number of reactions included in the simulation becomes
180 several orders of magnitude higher than the number of defined
181 macromolecular species.
182 Furthermore, the method used for speciation does not
183 account for site specificity either. Indeed, an alkyl radical can
184 be formed at any position and the outcome of the subsequent
185 reactions will largely depend on its site. Allowing for site
186 specificity would lead to an explosion in the size of the system
187 of equations that would be very difficult to handle from a
188 computational point of view.
189 Kinetics. For each class of reactions considered (i.e., 1a−5
190 above) we assign a rate constant (based on literature data), and
191 an expression for how the rate constant depends on the
192 properties of the participating macromolecule(s).
193 For reaction 1a (hydrogen abstraction, which we will
194 specifically refer to as “1a” in the case of the hydroxyl radical)
195 we assign (based on Figure 3, p 478 in ref 30):
( )k knn
s
1a OH
n
0
inter
=
‐
, where n/n0 is the relative length of the
196 chain, sinter‑n = −0.3 is a scaling factor which we extract from
197 the regression in the aforementioned figure, and kOH is chosen
198 such that k1a = 1.3 × 10
9 M−1 s−1 for a molecular weight of 1
199 kDa (so that it reproduces the data in the aforementioned
200 figure).
201 For reaction 1b (hydrogen abstraction by a hydrogen atom),
202 we assign the same rate expression as for reaction 1a, but
203 divided by a factor of 102 (which is the ratio between OH/H
204 rate constants for c-hexane according to refs31,32).
205 For intramolecular cross-linking, that is reaction 2, we assign
206 an expression for the rate constant as
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207 where a is the number alkyl radicals on the chain, sintra‑r = 2.719
208 is a scaling factor for intramolecular polymer−radical reactions
209 which was derived from the slopes of the regression lines in
210 Figure 8, p 863 in ref 23, sintra‑n = −2.0625 is a length scaling
211 factor which was also extracted from the vertical spacing
212 between the regression lines in the same figure,
( )k MM
s
Trad rad intra
(polymer)
(monomer)
ln 2nW
W
intra
1/2
=− −
‐
is the first-order rate
213 constant for intramolecular radical−radical reactions (for the
214case of only two radicals per polymer chain) and is expressed
215in terms of T1/2 (loop closure) = 8 × 10
−5 s (taken from Figure
21617, p 867, ref 33 but scaled down here by a factor of 100 to
217adapt to this system), and Pd = 0.38 (from p 150, ref 34) is the
218probability of disproportionation (vs combination).
219Reaction 3 is assigned the same expression as 2 with the
220difference that we apply the probability for disproportionation
221
instead of its complement (k kP
P3 (1 ) 2
d
d
= − ).
222For reaction 4 (intermolecular cross-linking) we set
k P
aan
nn
k(1 )4 d
0
2
alkyl inter= −
̲
̲ ‐
223where the underlined variables correspond to values from the
224second chain, kalkyl‑inter = is 2.5 × 10
7 M−1 s−1 (based on Figure
2255, p 182, ref 34), and the form of the expression is chosen so
226that the rate constant is proportional to the number of alkyl
227radicals on each chain, and inversely proportional to the
228respective chain length (the ratio a/n is in a sense the “alkyl-
229radical concentration” on the polymer, a metric which should
230reasonably correlate with the observed rate of reaction between
231two such polymers). This is also the expression used for
232reaction 5 (intermolecular disproportionation) but with the
233probability for disproportionation used instead of its comple-
234
ment (k kP
P5 (1 ) 4
d
d
= − ).
235Admittedly, the actual position of radical sites plays a major
236role for the kinetics of a radical−radical reaction. As this
237cannot be accounted for in the present approach, the rate
238constants and the corresponding scaling represent mean values
239of the possible situations.
240Simulation Conditions. The simulations were performed
241using polymer molecular weights of 410, 41, and 4.1 kDa. The
242polymer concentrations expressed as mass fractions were 0.1,
2430.01, and 0.001. The dose rate during the pulse was 1.0 × 107
244Gy s−1 and the pulse lengths were 10−7, 10−6, and 10−5 s
245corresponding to 100, 10, and 1 Gy per pulse, respectively. A
246complete parallel set of simulations, using a dose rate during
247the pulse of 2.0 × 107 Gy s−1, was also performed. In total,
248simulations of 54 different conditions were performed.
249The output from the simulations is the total alkyl radical
250concentration as a function of time. This is to allow direct
251comparison to pulse radiolysis data where the observed
252absorbance is usually attributed to the total radical
253concentration regardless of radical location.
254■ COMPUTATIONAL DETAILS
255A system of ordinary differential equations is formulated based
256on the chemical reactions. A self-contained archive of the
257source code, its dependencies, and the tools needed to run the
258code can be found in ref 35.
259The initial value problem is then solved numerically as a
260function of time for each given pulse sequence. We used the
261CVodes solver from the SUNDIALS program suite,36 and as
262the problem was stiff, we used the BDF method together with
263an analytic Jacobian. The rate expressions are conventionally
264derived from the law of mass action, but as our model is
265coarse-grained (in the sense that there are large steps between
266allowed values of the state variables describing the species in
267our ensemble), we need to generate a consistent set of
268stoichiometries and rates for all possible reactions. The allowed
269states were as follows
Table 1. Definition of the Species a−e in Reaction 1a−5
species n a l notation
a 100 0 0 n100a0l0
b 100 1 0 n100a1l0
c 100 2 0 n100a2l0
d 100 0 1 n100a0l1
e 200 0 0 n200a0l0
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n 10, 100, 200, 600, 2400= { }
a 0, 1, 2, 6, 24, 120= { }
l 0, 1, 2, 6, 24= { }
270 Depending on the allowed states, some reactions will be
271 trivial to formulate. For example, the reaction of the hydroxyl
272 radical with a polymer chain, formed by 100 segments bearing
273 only one radical (n100a1l0), which forms a chain with the same
274 length bearing two radial sites (n100a2l0) and water can be
275 described as
n a l n a lOH H O100 1 0 100 2 0 2+ → +•
276 This is a reaction where both the macromolecular reactant
277 and product are allowed states. When this is not the case, an
278 effective average based on a linear combination of allowed
279 states must be used. For example, the product of a further
280 reaction of n100a2l0 with a hydroxyl radical cannot be expressed
281 as n100a3l0 as a = 3 in not an allowed state, then the reaction
282 products are expressed as
n a l n a l n a lOH 3/4 1/4 H O100 2 0 100 2 0 100 6 0 2+ → + +•
283 ■ RESULTS AND DISCUSSION
284 Previous experimental studies on the radiation chemistry of
285 dilute aqueous polymer solutions have both directly and
286 indirectly shown that the conversion of H-abstracting radicals
287 into polymer radicals is not quantitative at low polymer
288 concentrations.14,29,37 In ref 14, this is illustrated by polymer
289 concentration-dependent spectral differences whereas in
290 refs29,37 the nonquantitative conversion is illustrated by
291 increased formation of H2O2 at lower polymer concentrations.
f1 292 In Figure 1, we have plotted the scavenging capacity, expressed
293 as the fraction between the actual maximum concentration of
294 alkyl radicals from the simulated single-pulse irradiation of a
295 polymer with 410 kDa and the theoretical maximum
296 concentration (calculated from the dose per pulse and the
297 G-values •OH and H•) as a function of polymer concentration
298 (mass fraction) for four different doses per pulse. In previous
299 experiments the dose per pulse ranges from a few Gy to several
300 hundred Gy.13,14 The dose range used in the simulations
301overlaps with the experimental range. The maximum
302concentration of alkyl radicals from the simulations is a
303measure of the total number of alkyl radical sites per dm3, that
304is, it includes also multiple sites on the same chain. It simulates
305pulse radiolysis experiments carried out with polymers
306characterized by only one possible type of radical structure,
307for example polyethyleneoxide, where the measured transient
308absorbance is proportional to the total radical concentration
309regardless of radical location.
310As can be seen in the figure, the scavenging capacity depends
311both on the polymer concentration and on the dose per pulse,
312just as expected. For the highest polymer concentration, the
313scavenging capacity is quite close to 100% regardless of the
314dose per pulse (in the range of 1−200 Gy). However, at the
315lower polymer concentrations the scavenging capacity deviates
316significantly from 100% and clearly decreases with increasing
317the dose per pulse. As the conditions under which multiple
318radical sites per chain are favored are also the conditions where
319the radical scavenging capacity deviates considerably from
320100%, the number of radical sites per chain will be
321overestimated when assuming full scavenging capacity. As
322can be seen in Figure 1, the overestimation can be up to 20%
323for this system.
324 f2In Figure 2 the actual average number of radical sites per
325chain for the same systems and irradiation conditions
326presented in Figure 1 are illustrated. The average number of
327radical sites per chain is calculated from the ratio between total
328maximum radical concentration (concentration at the end of
329the electron pulse) and polymer concentration.
330As can be seen, the average number of radical sites per chain
331is below one at all polymer concentrations for 1 Gy per pulse.
332For 10 Gy per pulse, the two highest polymer concentrations
333give average numbers of radicals per chain below one. For 100
334and 200 Gy per pulse, only the highest polymer concentration
335results in less than one radical site per chain. For 10−200 Gy
336per pulse and the lowest polymer concentration (0.001 w/w)
337the average number of radical sites per chain ranges from 2.5 to
33844. The corresponding range, calculated on the basis of 100%
339scavenging capacity, is 2.6−52 radical sites per chain, therefore
340very close to the simulations output.
341 f3The kinetics of the systems are illustrated in Figure 3a−c.
342The graphs show the total alkyl radical concentration as a
Figure 1. Scavenging capacity plotted against polymer concentration
for four different doses per pulse (the initial molecular weight is 410
kDa).
Figure 2. Average number of radical sites per chain plotted against
polymer concentration (mass fraction).
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343 function of time at 100, 10, and 1 Gy per pulse for the three
344 mass fractions considered in this study.
345 As can be seen, the radical decay is in general faster the
346 higher the dose per pulse is. Indeed, this is to be expected for a
347 system dominated by radical−radical reactions as a higher dose
348 per pulse will give a higher initial radical concentration.
349 However, even though the total maximum radical concen-
350 tration at a given dose is virtually the same for all polymer mass
351 fractions, the decay kinetics also depend on the polymer mass
352 fraction. The mass fraction dependence decreases with
353 decreasing dose per pulse. The general trend at the higher
354 doses per pulse is that the radical decay is faster at higher
355 polymer concentrations. In other words, the radical decay is
356 faster when the radical sites are distributed over a larger
357 number of molecules (i.e., at a lower average number of radical
358sites per chain). To analyze the kinetics of the systems
359 f4presented in Figure 3 in more detail, in Figure 4 we have
360plotted the inverse of the alkyl radical concentration against
361the reaction time after the pulse. For purely second-order
362kinetics, as in the case of an intermolecular radical−radical
363reaction between two molecules bearing one radical site each, a
364perfectly straight line is expected. When several radicals per
365chain are present, and intramolecular radical−radical reactions
366are expected, curved lines are observed and often analyzed in
367terms of dispersive kinetics.23
368For the highest dose per pulse, we have not obtained a
369perfectly straight line at any of the polymer mass fractions. The
370slight deviation from linearity observed for the highest mass
371fraction would suggest the presence of chains bearing more
372than one radical site also for this system, although the average
373number of radicals per chain is below 1, as shown in Figure 2.
Figure 3. Total radical concentration as a function of time for 100
(a), 10 (b), and 1 Gy per pulse (c) for the polymer mass fractions 0.1
(black), 0.01 (orange), and 0.001 (green).
Figure 4. Inverse of the total concentration of radicals plotted against
time for 100 (a), 10 (b), and 1 Gy per pulse (c) for the polymer mass
fractions 0.1 (black), 0.01 (orange), and 0.001 (green).
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374 As the dose per pulse is decreased, the plots approach linearity
375 at all polymer mass fractions.
376 Indeed, one would assume that all cases, where the average
377 number of radical sites per chain is below one, display pure
378 second-order kinetics, and that the rate constant obtained from
379 Figure 4 is identical to the rate constant given in the model
380 description above. However, when analyzing the seven cases
381 where the average number of radical sites per chain is lower
382 than one, it becomes clear that there is a certain contribution
383 from multiple radical sites per chain also here. Even though the
384 regression coefficient in a fit to second-order kinetics is 0.979
385 or higher, for the cases where the average number of radicals is
386 below one, the rate constant obtained from the regression
387 shows a clear dependence on the average number of radical
f5 388 sites per chain. This correlation is illustrated in Figure 5.
389 A slight effect of polymer concentration can also be
390 observed. At a given average number of radical sites per
391 chain, the second-order rate constant increases slightly with
392 decreasing mass fraction of the polymer.
393 Monodisperse polymers are very uncommon and for this
394 reason it is also interesting to explore the impact of molecular
395 weight on the kinetics for radical−radical decay in the pulse-
396 irradiated system. Simulations were performed for three
397 different molecular weights (410, 41, and 4.1 kDa). In Figure
f6 398 6, the total alkyl radical concentration is plotted against time
399 for the three different molecular weights and for 100 and 1 Gy
400per pulse, respectively. The mass fraction of polymer is 0.001
401in all cases.
402As can be seen, the molecular weight has a major impact on
403the radical−radical decay kinetics at both the high and the low
404dose per pulse. At the higher dose per pulse, the molecular
405weight dependence can partly be attributed to the fact that we
406increase the number of radical-bearing chains as we decrease
407the molecular weight at a given mass fraction. As a
408consequence, bimolecular radical−radical reactions become
409increasingly important. For the lowest dose per pulse, the
410radical−radical decay is dominated by the bimolecular route
411already at the highest molecular weight. Hence, the observed
412molecular weight effect cannot be attributed to a change in the
413ratio between intra- and intermolecular radical−radical
414reaction. Instead, the difference in kinetics reflects the
415molecular weight effect on the rate constant for intermolecular
416radical−radical combination. At the higher dose per pulse, this
417effect also contributes to the observed difference in kinetics. It
418is interesting to note that intermolecular radical−radical
419combination becomes increasingly important at high doses
420per pulse as the molecular weight decreases at a given mass
421fraction.
422Looking at this from the point of view of nanogel synthesis,
423we would expect low-molecular-weight fractions of the
424polymer to predominantly undergo intermolecular radical−
425radical combination, whereas the high-molecular-weight
426fractions will predominantly undergo intramolecular combina-
427tion. The result would be a narrowing of the size distribution.
428Indeed, such a focusing effect has also been observed
429experimentally.37 This was experimentally verified by a
430significant narrowing of the gel filtration chromatography
431peak upon irradiation of the polymer solution.
432■ CONCLUSIONS
433The new approach developed for numerical simulations of
434radiation-induced processes in aqueous polymer solutions
435yields results in fairly good agreement with experimental
436observations. The effects of molecular weight, polymer
437concentration, and dose per pulse on the kinetics of radical
438decay are all well reproduced by the model. In addition, the
439model confirms the experimentally observed limitations in
440scavenging capacity and provides an insight on the origin of the
441narrowing of molecular weight distribution in pulse-irradiated
442polymer solutions. These results encourage application of the
443model to even more complex irradiation conditions, when a
444train of short electron pulses are imparted to aqueous polymer
Figure 5. Second-order rate constant (2k) for the radical decay
plotted against average number of radical sites per chain for the
systems where the average number of radical sites per chain is below
one according to Figure 2.
Figure 6. Total alkyl radical concentration as a function of time for three different molecular weights at 100 and 1 Gy per pulse, respectively.
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445 solutions to deliver the higher doses required for nanogel
446 synthesis.
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